It has long been appreciated that there is a direct relationship between the intensity and duration of inflammatory bowel diseases (IBD) and increasing intestinal cancer risk but which elements of the inflammatory response are responsible have not been identified. Anti-TNF drugs have been successful at treating IBD but considering the presumed anti-tumor activity of TNF, it is important to understand whether the treatment impacts on the patients' intestinal cancer risk. We modeled this relationship by "treating mice lacking TNF receptors with a colon cancer causing combination of azoxymethane followed by repeated dextran sulphate sodium exposures (AOM + DSS regime). TNF receptor type1 gene deficient (TNFR1 -/-) and TNFR2 -/-mice experienced similar clinical illnesses and colonic inflammation as C57BL/6 wildtype controls during the AOM + DSS regime. Despite the inflammation, TNFR1
Introduction
Crohn's Disease (CD) and ulcerative colitis (UC) are remitting/relapsing inflammatory bowel diseases (IBD) associated with an increased risk of colorectal cancer (CRC) [1, 2] . This risk increases with duration and severity of disease. Consequently, therapies that reduce inflammation often reduce the risk of CRC in affected individuals but exactly which element of the inflammation is mechanistically contributing to cancer risk is not clear. Those patients who fail to respond to the available antiinflammatory therapies become the susceptible population compounded by the fact that the cancer is difficult to detect on their inflamed mucosa. disease measures in several models of experimental colitis [7] [8] [9] . In some cases loss of TNF exacerbated colitis, particularly in dextran sulphate sodium (DSS) colitis [10, 11] . It is possible that TNF has different roles depending on the target cells. This is supported by the relative inefficacy of Etanercept, a soluble chimeric TNFR2 molecule, in IBD [12] while anti-TNF therapies targeting membrane-bound TNF on activated leukocytes are effective [13] [14] [15] . In addition to these mixed messages, the impact of anti-TNF therapies on the CRC risk of IBD patients is not known.
TNF was originally identified as the factor involved in lipopolysaccharide-induced tumor regression [16] . However, research in the past decade has challenged this concept [17] , especially in models of colitis-associated cancer (CAC) [18, 19] . TNF deficient mice on the C57BL/6 background experienced worse DSS-induced colitis compared to controls [10] yet had unchanged cancer development in a model of colitis-associated cancer [20] suggesting that pathways involved in inflammation differ than those involved in cancer. In contrast, mice on the BALB/c background that lacked TNFR1 showed a reduced level of inflammation and reduced colonic tumors after a combined azoxymethane (AOM) + DSS regime. A tumorigenic effect was attributed to leukocyte-specific TNFR1 as BALB/c mice irradiated and reconstituted with TNFR1
-/-bone marrow cells were protected against tumor development compared to mice reconstituted with syngeneic bone marrow [18] . Studies have yet not addressed whether the TNFR2 affects CAC incidence.
In addition to the activation of multiple inflammatory signalling pathways, TNF can contribute to oxidative stress by inducing the production of reactive oxygen species (ROS) via several isoforms of NADPH oxidase [21, 22] . TNF treatment can directly lead to oxidative damage and DNA mutations in cell culture [23] . ROS may contribute to tumorigenesis by damaging proteins, lipids and DNA. TNF mediated oxidative damage has not yet been evaluated in the AOM + DSS model. In our study, we sought to further clarify the contribution of TNF in CAC. We observed that mice on a C57BL/6 background that are deficient in TNFR1 are less susceptible to tumor development using the AOM + DSS regime compared to controls or TNFR2 -/-mice while inflammatory measures remain similar. Additionally, we evaluated colonic oxidative damage during chronic colitis in mice lacking either TNFR, on the premise that TNFR1 may be promoting the development of tumors through oxidative damage to sensitive cells within the crypt.
Materials and Methods

Animals
Mice (TNFR1 -/-, TNFR2 -/-and gp91-phox -/-(Nox2 -/-)) were obtained from Jackson Laboratories (Bar Harbor, ME) and bred as homozygous knockout pairs in our facility. C57BL/6 mice (wildtype, WT) were obtained from Jackson Laboratories. Animals were group-housed in plastic shoebox cages and food and water was available ad libitum. The rooms were maintained on a 12-hour light-dark cycle in a humidity and temperature-controlled environment. All protocols were approved by the Dalhousie University Committee for Laboratory Animals in accordance with the Canadian Council for Animal Care. Mice (6 -12 weeks of age) were subjected to a single intraperitoneal injection of 10 mg/kg azoxymethane (AOM, Sigma-Aldrich, St. Louis, MO) dissolved in sterile 0.9% saline. Control mice were injected with 0.9% saline diluent alone. Mice were divided into the following groups, 0.9% saline alone (no treatment, NT), AOM (AOM only), 0.9% saline followed by four cycles of DSS (DSS only) and AOM followed by 4 cycles of DSS (AOM + DSS). Each DSS cycle consisted of 3% w/v DSS (36,000 -50,000 mw from MP Biomedicals, Solon, OH) in the animals' drinking water for five days followed by 14 days of facility water. Each mouse's weight and clinical score was recorded daily.
At the end of the carcinogenesis experiment the mice were anesthetized using isofluorane and exsanguinated by cardiac puncture. Their colons were removed and flushed with ice-cold PBS, weighed and the length measured. Each colon was opened longitudinally along the mesenteric axis and was first inspected under a dissecting microscope for evidence of tumors/lesions. The colon was subsequently divided in half longitudinally. One half was fixed in 10% neutral buffered formalin in a Swiss roll orientation, while the other half was weighed then snap frozen in liquid nitrogen and stored frozen at -80˚C for later evaluation. Collected blood was incubated for 10 minutes at 37˚C to coagulate then centrifuged and serum was removed and frozen for later evaluation.
Assessing Disease Severity
Clinical scores throughout the duration of the treatment periods were determined using a scale dependent on the percent weight loss, stool consistency, and the presence of occult or gross blood in the stool [9] . Formalin-fixed, paraffin-embedded samples were sectioned and stained with hematoxylin and eosin (H & E). Sections were evaluated for leukocyte infiltration (0 -5), crypt damage (0 -5), ulceration (0 -3) and the presence or absence of edema (0 -1), for a maximal score of 14 [9] .was used to determine incidence. Dysplasia was described as crypts that had a well-differentiated but disorganized epithelial cell structure with nuclei that had lost their polarity, were hyperchromatic, and had a loss of goblet cells but had not penetrated the submucosa.
Immunohistochemical Staining
In general, 3 μm sectioned samples were deparaffinized and rehydrated in xylene and graded ethanol baths, respectively. Endogenous peroxidase activity was blocked using 3% H 2 O 2 for 20 minutes, then antigen retrieval was performed in 10mM citrate buffer (pH 6) with the slides heated in a microwave for 2 minutes until boiling then maintained in a 95˚C water bath for 20 minutes. Subsequently a blocking step using 5% goat serum in PBS plus 0.1% Tween-20 for 1 hour was performed. Primary antibody was applied at concentrations as per the manufacturer's instructions or as indicated below, overnight at 4 C diluted with blocking solution. Biotinylated secondary antibody was also diluted in blocking solution and applied to individual slides for one hour at ambient temperature. The slides were then subjected to avidin-bound horseradish-peroxidase (ABC elite, Vector Laboratories, Burlington, ON) for 30 minutes. Colour was developed using diaminobenzidine (Vector Laboratories) and slides were counterstained with Mayer's hematoxylin (SigmaAldrich).
To measure apoptotic cells rabbit polyclonal antibodies raised against cleaved caspase-3 (Cell Signaling, Danvers, MA) was used at a 1:1000 dilution as the primary antibody. Positive stained colonic epithelial cells were counted within 100 intact crypts per section per mouse in two sections per slide. Macrophages and neutrophils were detected using a monoclonal antibodies to F4/80 (clone CI: A3-1, Serotec, Raleigh, NC) and Ly6G (Clone 1A8, BD Biosciences, San Jose, CA), respectively, at a final dilution of 1:1000 and incubated for 24 hours at 4˚C (Serotec, Raleigh, NC). Biotinylated goat anti-rat IgG (Santa Cruz Biotechnology) was used as a secondary antibody at a concentration of 1:400 and applied for 1 hour at ambient temperature. Both cell types were counted in ulcerated lesions in both the mucosa and submucosa. Five high-power fields were counted per section. To enumerate neutrophils and macrophages in tumors, cells were counted in at least 3 high power fields in tumor tissue in tumor-bearing mice. Rabbit polyclonal antibodies to TNFR1 and TNFR2 (abcam, Cambridge, MA) were used to detect the intracellular portion of the receptor within the colon sections. They were used at concentrations of 1:100 and 1:50, respectively. Oxidative damage was detected on formalin-fixed samples using a mouse antibody to 8-OHDG (clone N45.1 JaICA, Japan, used at 1:100) with the following adaptations; antigen retrieval was performed using proteinase K for 20 minutes at 37˚C, mouse seroblock (Serotec) was added to the blocking solution) to prevent FcR binding, and only positive nuclei within the colonic epithelial cells were evaluated to limit counting false positives due to mouseon-mouse staining. The average number of positive cells per 20 crypts is reported.
Bone Marrow Radiation Chimeras
Six-12-week old recipient WT and TNFR1 -/-female mice had 0.2% neomycin sulphate added to their drinking water for two weeks. The mice were then irradiated with two doses of 500 Rads two hours apart with a gamma-irradiator [24] . Meanwhile bone marrow cells were isolated from healthy male WT and TNFR1 -/-6 -12-week-old donor mouse femurs and tibias and rinsed in sterile HBSS without Ca 2+ Mg 2+ . The bone marrow cells were counted using a crystal violet stain, and recipient mice received 5 × 10 6 viable cells via tail vein injection following the second dose of radiation. Subsequent to the bone marrow reconstitution the mice were housed in sterile HEPA-filtered cages and fed sterile food and water containing 0.2% neomycin sulphate for two weeks. Their weights and health were monitored daily. Reportedly by 8 -12 weeks most host immune cells are replaced [25] thus after a minimum of 8 weeks recovery the mice were subjected to the AOM + DSS regime. Chimerism was confirmed using in situ hybridization of the Y chromosome in the spleen and colon as per the manufacturer's instructions (Star * FISH © chromosome painting, Cambio, Cambridge, UK), with an added amplication step detecting FITC. Male gut sections were used as positive controls and female gut sections were used as negative controls for the in situ hybridization.
Statistics
A two-way ANOVA was performed on most data sets using main effects strain treatment, with three levels of strain and four levels of treatment. Non-parametric data were analyzed using the Kruskal-Wallis One-way ANOVA between strains. Weight loss data was analyzed using a repeated-measures ANOVA over the treatment period. Chi square analyses were used to detect differences in the incidence between groups at a power of 0.8.
Results
Mouse Strain Responses to AOM + DSS
We treated WT, TNFR1
-/-and TNFR2 -/-mice with 10 mg/kg AOM followed by four cycles of 3% w/v DSS.
Blood appeared in the stool (occult) after the second day of DSS treatment and by the fourth day, gross blood appeared in all strains treated with DSS. After the DSS treatment was discontinued in each cycle, the appearance of gross blood subsided by the end of the 14 days water period but occult blood was still detectable in the stool. There was no mortality associated with treatment in these strains. Three experiments, each using 8 -12 mice per group, were conducted. There were no significant differences (inter-experimental variation) between experiments with respect to measures of disease severity and cancer incidence therefore they were grouped together for statistical purposes. Percent weight change during each cycle was not significantly different between strain and DSS only versus AOM + DSS treated mice while each strain lost weight during each 5 day DSS exposure (Figure  1(a) ). Generally, weight lost was regained by the end of each cycle.
The severity of inflammation has been linked to the development of colon cancer [26] and there was a reduction in cancer incidence associated with reduced inflammation in BALB/c strain TNFR1 -/-mice on the AOM + DSS regime [18] . We previously established that the colon inflammation did not differ between WT, TNFR1 -/-and TNFR2 -/-mice after a single DSS cycle [9] . In the present study, untreated mice and AOM alone mice did not have any detectable inflammation at the end of the experiment (Figure 1) . In both DSS treated groups we found that most inflammation occurred in the midcolon, while little to none occurred in the proximal colon. The distal colon showed less infiltrate and less damage and ulceration than the mid-colon and was not significantly different among DSS only and DSS + AOM treated strains. Differences in the mid-colon inflammation scores were also not statistically significant between strains after four cycles of DSS in the DSS only and DSS + AOM groups (Figure 1(b) ). A cellular infiltrate consisting of granulocytes (neutrophils and eosinophils), lymphocytes and macrophages was evident on hematoxylin and eosin stained sections (Figures 1(c) -(k)). Infiltrate was observed in the submucosa, mucosa and even the muscularis layers. 
Colon Tumor Incidence and Characteristics
No treatment, AOM only and DSS only control mice did not develop macroscopically or microscopically detectable tumors or dysplasia, respectively. On the other hand, tumors were observed in all strains treated with DSS + AOM, both macroscopically and microscopically ( Table  1 ). All three strains developed polyp-like tumors that were non-invasive intramucosal adenocarcinomas. Tumors were found exclusively in the mid-to distal colon. TNFR1 -/-mice had a statistically significantly lower incidence of tumors and dysplasia at the end of the treatment period compared to WT and TNFR2 -/-both macroscopically and microscopically ( Table 1) , determined by Chi-square analysis. Tumor incidence was not significantly different between WT and TNFR2 -/-mice. There was no difference between the size of tumors found in the three strains (Figure 2(a) ) but TNFR1 -/-mice had significantly fewer tumors per mouse (Figure 2(b) ). There were no statistically significant relationships between inflammation severity and tumor size, or number (not shown). When the inflammation scores between mice with and without microscopically detectable dysplasia were compared, there were no significant differences (Figure 2(c) ). This is an important observation as it further suggests differences in tumor development are a function of genotype and not a difference in inflammation severity. Examples of the tumors from each strain are shown in Figures 2(d)-(f) .
Characterization of the Infiltrate in TNFR Deficient Mice
To determine if lacking either TNFR1 or TNFR2 affects leukocyte infiltration into the colon, the expression of Ly6G (neutrophils), F480 (macrophages), and congo red (eosinophils) were measured in the colon (neutrophils shown in Figure 3(a) ). We determined the extent of eosinophil numbers because while there are resident eosinophils in the healthy colon, numbers rise due to DSS, and they are a source of inflammatory mediators that impact on DSS pathology [27] . Eosinophils may even play a protective role against the development of tumors [28] . No differences were found in the number of infiltrating leukocytes between strains (Figure 3) . 
Activated-Caspase-3 as an Indicator of Apoptosis in the Epithelium
There is a precedent for TNFR1 impacting epithelial cell homeostasis in the intestine, especially when NFκB is inhibited [29, 30] . To determine the effect of treatment and genotype on colonic epithelial apoptosis, we measured activated caspase-3 by immunohistochemistry on tissue sections, as a measure of cells undergoing apoptosis. We did not find any significant effect of strain on the number of caspase 3+ colonic epithelial cells (Figure  4) , although both DSS treated groups had a significantly greater number of activated caspase-3-positive cells per 100 crypts compared to untreated plus AOM only mice. TNF and subsequent COX-2 activation and prostaglandins can induce β-catenin translocation to the nucleus. We did not observe any differences in β-catenin translocation within the epithelium between strains (not shown), suggesting it is unlikely that TNFR1 is contributing to cancer development by this mechanism.
TNFR1 Deficiency Protects Mice from Colitis-Associated Colorectal
Cancer Coupled with a Decreased Level of Oxidative Damage in the Colon: Implications for Anti-TNF Therapy of Unremitting Colitis
TNF Receptor Expression in the Colon
Apart from leukocytes, TNFR1 and TNFR2 are reportedly expressed on intestinal epithelial cells [31] [32] [33] . TNFR2 expression was demonstrated in the colonic epithelium during inflammation [31] . We tested for the presence of the TNFRs in the colonic epithelium, also using immunohistochemistry, to determine if TNF might directly affect tumor development by acting on epithelial cells ( Figure 5) . We found TNFR1 was expressed on the colonic epithelium in all groups and TNFR2 in both DSS treated WT groups (Figures 5(b) and (c) ).
TNFR2 is readily shed during inflammation and differences in levels of shed TNFR2 between WT and TNFR1 -/-mice may suggest different mechanisms are operating in these strains. We therefore measured soluble TNFR2 in the serum of mice using an ELISA. No differences were found between the two mouse strains that completed the AOM + DSS regime; however, TNFR1 -/-mice treated with DSS alone had lower levels of sTNFR2 (Figure 5(e) ). No sTNFR2 was detected in TNFR2 -/-mice.
Colonic Cytokines after the AOM + DSS Regime
We measured cytokines present within the colon by ELISA to determine if there were any differences between strains. TNF, CXCL2 and IL-4 levels in the whole colon were similar between treatment groups and strains when corrected for both tissue weight and protein content. IL-12, however, was significantly increased within the colon of AOM + DSS treated TNFR1 -/-mice compared to the other groups (Figure 6 ). Interferon-levels were similar in all the groups (not shown). 
TNFR1 Bone Marrow Chimeras and Tumor Incidence
Having established that epithelial cells possess the TNFR1 we next sought to determine whether the tumor-promoting actions of TNF are due to activities directly on mesenchymal and stromal cells, an indirect effect due to activation of hematopoietic cells or possibly both. We created bone marrow chimeras using WT and TNFR1 -/-mice and treated them with the AOM + DSS regime. After the final DSS cycle all the mice exhibited inflammation in their colons. The histopathological scores were similar between WT→WT mice and R1→R1 control mice, which suggests there was no confounding influence of the irradiation and reconstitution on the inflammatory response (Figure 7(a) ). WT mice had similar histological inflammation to the two control groups; however, R1→WT mice had a significantly decreased level of colonic inflammation compared to both WT→ WT and WT→R1 mice. R1→WT mice also showed reduced Ly6G+ cell counts compared to R1→R1 mice but infiltration was similar among the other strains ( Figure  7(b) ). Examples of infiltrated ulcers found in mice of each strain are shown in Figures 7(c)-(f) . With regard to cancer development, WT→WT mice had an incidence similar to non-chimeric mice (87%). Strikingly, we failed to observe any tumors or dysplasia in R1→R1 mice (incidence of 0%, Table 2 ). Mice lacking either stromal/mesenchymal (WT→R1) or bonemarrow-derived TNFR1 (R1→WT) had significantly reduced incidences of tumors, roughly half the number compared to WT→WT though higher than R1→R1 mice ( Table 2 ). The average tumor size was significantly reduced in R1→WT mice compared to other groups with tumors (Figure 8(a) ), while tumor multiplicity was not affected by chimerism in tumor-bearing reconstituted mice (Figure 8(b) ). These chimeric data suggest that in the C57BL/6 strain, leukocyte-selective TNFR1 deficiency can affect inflammation but both hematopoietic and stromal TNFR1 expression can contribute to tumorigenesis. This has to be interpreted in the context of R1→R1 mice not developing any tumors, which implies that the treatments, while not impacting on inflammation did confound the cancer mechanisms since non-irradiated TNFR1 -/-mice did get tumors.
Oxidative Damage in the Inflamed Colon
Beginning to investigate the mechanisms behind TNF promoting carcinogenesis, we sought to determine whether TNF differentially mediated oxidative damage in the colon through the two receptor types. Reactive oxygen species (ROS) are produced as byproducts from a range of metabolic processes, including energy metabolism, but are also produced by leukocytes during inflammation to kill bacteria [34] . Normally, excessive ROS are scavenged and neutralized by antioxidant enzymes. Failure of these scavenger systems leads to tissue and cell damage by ROS attack. ROS damage a wide range of cellular processes including cell cycle control and DNA repair, leading to mutations [34] . We assessed whether there were detectable differences in oxidative damage in the colons of TNFR deficient mice by measuring epithelial nuclear 8-OHDG (Figure 9(a) ), a DNA adduct formed after exposure to oxygen radicals that promotes DNA mutations favourable to tumorigenesis [35] . We found a significant difference between strains treated with AOM + DSS in the number of epithelial cells exhibiting oxidative damage, with TNFR1 -/-mice showing reduced numbers (Figures 9(c) and (e)) compared to WT (Figures 9(b) , (e)) and TNFR2 -/-mice (Figures 9(d) and (e)). Untreated mice had very few 8-OHDG+ nuclei/20 crypts ( Figure  9(a) ).
Role of Oxidative Radicals in Colitis-Associated Cancer
With evidence that TNFR1 -/-mice express less oxidative damage, we next determined whether mice deficient in leukocyte ROS production might also experience a lower tumor incidence than WT mice. NADPH oxidase 2 (Nox2) is an enzyme complex critical in the formation of ROS involved in phagocyte function [36] . The contribution of Nox2 has been investigated in acute DSS colitis and mice deficient in the p47-phox subunit are as susceptible to inflammation and illness as WT mice on the C57BL/6 background [37] . We first exposed mice deficient in the Nox2 component, gp91-phox (Nox2 -/-), to a single DSS cycle, and confirmed they experienced clinical illness scores and colon inflammation scores similar to C57BL/6 control mice (data not shown). We subsequently treated a cohort of control and Nox2 -/-mice to DSS only or the AOM + DSS regime. As with the acute DSS exposure, Nox2 -/-mice experienced a pattern of weight loss similar to C57BL/6 mice, only some of the control mice in this series of experiments suffered from a precipitous drop in weight and health during the fourth DSS cycles (Figure 10(a) ). An autopsy showed the mice had colonic tumors occluding the lumen. Despite these mice having cancer, only mice that completed the 83 day experiment were used in further analyses. All groups of mice had similar levels of colon inflammation (Figures  10(b) and (c) ), including the extent of leukocyte infiltration (Figure 10(e) ). All C57BL/6 mice developed colonic tumors while significantly fewer, 58% of the Nox2 -/-mice, were observed with tumors ( Table 3 ). The number of mice with dysplasia, while higher at 71%, was still significantly lower than the control strain mouse incidence ( Table 3 ). The numbers of tumors per mouse and size of the tumors were also greater in C57BL/6 mice (Figures 11(a) and (b) ). Thus mice with a deficient capacity to produce ROS in leukocytes are less susceptible to develop CRC in the AOM + DSS regime.
Discussion
Anti-TNF drugs are being used in increasing numbers of IBD patients and it is highly desirable that we understand how the drugs may change the risk of these patients to develop CRC. Pre-clinical studies in rodents will provide some clues, particularly with regard to predicting changes in humans. Indeed, a precedent has been published reporting that TNFR1 -/-mice on the BALB/c genetic background experience fewer tumors than the WT strain, associated with less inflammation, at the conclusion of the a Chi-square analysis was used to determine differences in incidence between strains.
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AOM + DSS regime [18, 19] . The reduced tumor incidence was linked to hematopoietic cell loss of the receptor, shown using receptor chimeric animals. So our finding that TNFR1 -/-mice on the C57BL/6 genetic background have reduced tumor incidence and dysplasia incidence and tumor load may not be unexpected. However, our results build on this observation by showing that in the C57BL/6 strain the reduction in tumors is not associated with reduced colon inflammation and that both hematopoietic and nonhematopoietic cell loss of the TNFR1 contributed to this phenotype. The differences in our outcomes may be influenced by the fact that BALB/c mice are less sensitive to DSS treatment compared to C57BL/6 mice [38] and that BALB/c mice are much more sensitive to AOM when compared to C57BL/6 mice [39] . Finally, we also show that the TNFR2 does not play a role in CAC, either cell-bound or as a shed, soluble antagonist. Our results identify that the mechanism behind tumorigenesis is separate from the mecha- nisms that drive the inflammation. This finding supports studies using drugs instead of receptor deficient animals, as both Etanercept and Infliximab have been shown to prevent CAC in a DSS mouse model, also without affecting inflammation [18, 19] . Together these observations have profound implications for treating chronic IBD. While possibly ineffective at reducing inflammation due to IBD, continued use of TNF antagonists may still reduce the risk of CRC. This understanding from pre-clinical research should lead to discussions over whether to discontinue treatments in the non-responsive patients, who of course are at the greatest risk of CRC. Contrasting this literal and optimistic translation of ours and others' findings, other models of CAC have reported no effect of TNF antagonism on cancer outcomes. Sakai et al. showed that TNF deficiency in an Apcmin+/− strain on the C57BL/6 background did not lead to a reduction in chronic colitis or tumor development in mice also treated with DSS [20] . Apcmin+/− mice spontaneously develop tumors throughout the small and large intestine and DSS further promotes the development of colonic tumors [40, 41] . In agreement with our study, the level of colonic inflammation after DSS treatment was similar between TNF −/− and TNF +/+ mice; however, DSS was only given once, not accounting for the remitting recurring course of the disease [20] . Small intestinal tumor development was also not affected by the presence or absence of TNF. It is possible that the Apcmin +/− mutation ablated the protection that TNF deficiency might have otherwise provided in this model, as previous studies suggested that TNF deficiency was fatal in DSS colitis on a C57BL/6 background, the same background used in the study by Sakai et al. [10] .
In our study, despite a similar level of inflammation tumor severity was reduced when TNFR1 was absent. This suggests that an element of TNF signaling that does not directly affect inflammation is responsible for the reduction in cancer susceptibility. It also suggests that inflammation is not necessarily directly related to tumorigenesis. Indirectly supporting this finding is our observation that most of the tumors were found in the mid to distal colon, with the majority of tumors located close to the anus, while inflammation is typically more proximal. This suggests that the anatomical location of the inflammation may not be as important as systemic inflammation in the development of colonic tumors. This also has support from past observations in IBD where microscopic colitis can influence tumor development as opposed to the presence of gross inflammation [42] .
Beginning to dissect the mechanisms behind the protumorigenic activity of TNF, we generated irradiated bone marrow chimeras to determine whether the reduction in cancer incidence between WT and TNFR1 -/-mice was due to the receptor deficiency on leukocytes versus on epithelial and other stromal/mesenchymal (e.g. nonhematopoietic) cells. Our data for the cancer incidence of these chimeras, at roughly half the incidence of control mice, supports the interpretation that TNFR1 expression on both cell sources is important for TNF led tumor development. Exactly which cell type(s) expressing TNFR1 contribute to this pathway to tumor development remains to be determined. Our finding that nonhematopoietic TNFR1 deficiency results in a significant reduction in tumor incidence differs from the results of Papivanova et al., who reported that TNFR1 on leukocytes alone was important [18] . Noteworthy in their study, BALB/c mice did not show colonic epithelial TNFR1 expression therefore it is possible that pro-tumorigenic signaling through TNFR1 did not occur in epithelial cells in the BALB/c strain.
Our conclusion that the reduced colon cancer incidence in mice lacking TNFR1 expression in bone marrow-derived cells has a caveat since the mice also had a significantly decreased colon inflammation score compared to WT mice reconstituted with WT bone-marrow. This means the chimera's response better resembles the response seen in BALB/c mice. We do not know the mechanism behind the reduced inflammation but if TNFR1 is pathogenic acting through the bone marrow derived cells, it is possible that it is protective when expressed in the stromal/epithelial cells, and that this protective mechanism manifests as less inflammation in the chimeras. TNFR1 potently activates NFκB and while NFκB drives inflammatory mediator production in most cell types, NFκB activation can be beneficial in promoting epithelial barrier properties, which would presumably act to limit inflammation [32, 30] . Nevertheless, we believe the mechanism for the reduced inflammation is not linked to the carcinogenic mechanisms since this association was already lost in non-chimeric TNFR1 -/-animals.
Further to a possible direct effect of TNF, it may play role in homeostasis of the colonic epithelium. TNF in some circumstances can lead to epithelial cell apoptosis [43, 44] and treatment with anti-TNF therapy may reduce colonic epithelial cell apoptosis [45] . In this case we would predict changes in the number of apoptotic cells and whether an alteration in this cause of apoptosis by TNFR deficiency would affect cancer incidence is unknown. However, this idea was not supported by our measure of activated caspase-3+ cells. There were no differences between strains in the number of activated caspase-3+ cells within the colon, suggesting that TNFRs likely do not play a significant role in controlling the rate of colonic epithelial apoptosis, at least in the AOM + DSS model. TNF is a potent stimulus for multiple inflammatory cytokines and one might predict that the lack of TNF receptors would be reflected in other cytokine levels. While we did not conduct a comprehensive survey of cytokines our finding that representative pro-inflammatory cytokines, TNF and CXCL2, were not different between treatments or strains is consistent with the lack of difference in inflammation between the strains. While it has been reported that serum and colonic TNF are elevated during intestinal inflammation [3] , this seem to not always be the case [46, 47] . CXCL2, signaling through CXCR2, is chemotactic for neutrophils [48] . This chemokine is one of a larger family any number of which may be important in DSS-colitis, as treating mice with a CXCR2 blocking antiserum or a genetic deficiency for CXCR2 reduces DSS colitis [49, 50] . IL-4 is regarded as an anti-inflammatory mediator although it is reported elevated in the DSS inflamed colon [51] . Again, there were no significant differences between levels among the strains. The one cytokine that we did find changed happened to be elevated IL-12 limited to TNFR1 -/-mice treated with AOM + DSS. IL-12 is produced predominantly by dendritic cells inducing T cell maturation and differentiation [52] , and is also involved in the cytotoxic response by CD8+ T cells and natural killer cells. Increased IL-12 could therefore be indicative of an increase in anti-cancer immunity, partially explaining a protective effect of TNFR1 deficiency in this model [53] . To be more confident in this possibility it would be important to know when in the course of the AOM + DSS regime levels may have become elevated. Finally, with regard to possible mechanisms, oxidative stress, which is increased in colitis [54] , has not previously been linked to intestinal TNFR1 in vivo. On the other hand, TNFR1 has been shown to contribute to oxidative stress in an animal model of lung injury [52] . We observed that TNFR1 -/-mice had significantly fewer 8-OHDG+ colonic epithelial nuclei compared to WT and TNFR2 -/-mice. 8-OHDG is a DNA adduct formed after oxidative damage that can lead to translocations and alterations in gene expression, and is normally cleaved by a DNA repair enzyme. High levels of 8-OHDG are associated with tumorigenesis [55] and is found elevated in UC patients with dysplasia [56] . As TNFR1 directly associates with Nox enzymes [21] , it is possible that TNFR1 deficiency reduces oxidative stress, potentially reducing CAC. While our data showing reduced oxidative damage implicate oxygen radicals in the tumorigenic mechanism, we could not conclude that the reduction in oxidative damage within the epithelium of TNFR1 -/-mice is a result of reduced ROS production by infiltrating leukocytes. It is possible that internal production of ROS by colonic epithelial cells, mediated by the NADPH oxidase isoform Nox1, is responsible for the difference in 8-OHDG levels. Nox1 can be directly activated [57] and upregulated by TNF [22] , and Nox1 has been associated with CAC in the colon [58] . To distinguish between the contributions of these two possible cell sources of ROS we chose to examine mice deficient in leukocyte Nox2 for their cancer incidence. We indeed observed that the mice experienced fewer colon tumors than wildtype mice, despite similar levels of inflammation. In this series of experiments the high tumor incidence in the wildtype strain was unexpected but may be due to the azoxymethane oxidizing and becoming more potent during storage but at least the same batch was used in both strains of mice, so we are confident in the conclusion that Nox2 -/-mice experienced less cancer.
In conclusion, TNFR1 deficiency is protective against the development of CAC and this protective effect is independent of the severity of inflammation. This means TNF promotes cancer development through TNFR1, which we show is dependent on both leukocytic and nonhematopoietic cell TNFR1 expression. Finally, a reduction in oxidative damage by leukocytes partially accounts for the protective effect of TNFR1 deficiency. The implications are that TNF antagonist treatments ought to continue to be used in the non-responsive IBD patient as the treatments may reduce the patient's CRC risk.
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